Powder-mixed electrical discharge machining (PMEDM) is the technique of using dielectric fluid mixed with various types of powders to improve the machined surface output. This process is fast gaining prominence in electrical discharge machining (EDM) industry. The objective of this investigation is to determine the ability of tantalum carbide (TaC) powder-mixed dielectric fluid to enhance the surface properties of stainless steel material during EDM. The properties investigated are the micro-hardness and corrosion characteristics of the EDMed surface. Machining was conducted with 25.0 g/L concentration of TaC powder in kerosene dielectric fluid. The machining variables used were the peak current, pulse on time and the pulse off time. The effects of these variables on the micro-hardness of the EDMed surface were determined. Corrosion tests were also conducted on the samples that exhibited higher hardness. Results showed that the EDMed surface was alloyed with elements from the TaC powder. The highest micro-hardness obtained with PMEDM is about 1,200 Hv. This is about 1.5 times that obtained without TaC powder in the dielectric fluid. The loss in weight during corrosion test was found to be 0.056 mg/min for the PMEDM which was much lower than the lowest value of 10.56 mg/min obtained for the EDM without powder dielectric fluid.
Introduction
Electrical discharge machining (EDM) is one of the most popular non-conventional machining methods that is widely used in the tool and die industry. This technique is mostly used in machining of materials with high strength, high hardness or more complicated shapes. 1 It is almost becoming a standard method in producing prototypes and some manufacturing products/parts, mostly in low volume applications. The process makes use of electrical sparks or discharges between the workpiece and the tool electrode at a minimum gap. There is no direct physical contact between them and as such, very weak materials and delicate sections can be machined without any fear of distortion.
One of the recent innovations for the improvement of capabilities of EDM process is the addition of powder in the dielectric fluid of EDM. 2, 3 This process is called powder-mixed electrical discharge machining (PMEDM) or additive-mixed electrical discharge machining (AEDM). 4 In PMEDM, the electrically conductive powder is mixed with dielectric fluid to improve the machining ability by reducing the insulating strength of the dielectric fluid and by increasing the spark between the tool and workpiece. In this way the breakdown characteristics of the dielectric fluid is improved upon. The EDM process outputs such as material removal rate (MRR), tool wear rate (TWR) and surface roughness (SR) also get enhanced, because of the attainment of stability in machining. The stability results from the enlarge discharge gap that makes the flushing of debris smooth.
Researches have been conducted with a number of powders to investigate their effects on EDM performance. Some of these powders include Al, TiC, Si, Al 2 O 3, TiO 2 , MoS 2, G, Ni and many others that are also used in micro or nano forms. 5, 6 In their study, Khan et al. 7 observed that the increase in peak current and addition of Al 2 O 3 powder produced higher recast layer thickness and the micro-cracks. They also found that TiC gave lower layer thickness, higher hardness and carbon depositions on the work surface than Al 2 O 3 powder. Aluminum (Al) powder has featured prominently in investigation with PMEDM. It has been used with kerosene in machining cobalttungsten carbide work 8 and Singh et al. also used it while they study the effects of electric parameters on the machining performance of hastelloy. 9 The use of surfactant and conductive Al powders in the kerosene dielectric in machining of SKD61 steel workpiece was also reported. 1 In all these studies, addition of the powder in the dielectric fluids was observed led to increase in MRR, decrease in TWR and improvement in the SR. The powder characteristics such as concentrations and sizes were also found to have significantly affected the machining outputs. 10 In addition, graphite powder was used in dielectric to improve the machining parameters of Inconel 718 (nickel based alloy) 11 and WC-Co in m-EDM. The powder with cold treated copper electrode was found to have a reduced TWR, 12 and in nano level gave significant improvement in Ra and MRR. 6 Chatha et al. 13 in their study used TiO 2 powder in dielectric fluid to improve the MRR of the workpiece. They observed that those elements from the powder were migrated to the machined surface in addition to improved MRR. Silicon powders have been used in dielectric fluid to generate mirrorlike surfaces during EDM.
14 It was also found to have given optimum machining performance by Kansal et al. 15 The investigations highlighted above show the various studies on the basic EDM output parameters in which PMEDM was sought to enhance MRR, improve the surface finish and reduce the TWR. However, Furutani et al. 16 investigated the behavior of the powders in dielectric fluid during machining. They also worked on deposition process of powders in the dielectric oil onto the workpiece. 17 They used molybdenum disulfide (MoS 2 ) in dielectric fluid during the EDM of stainless steel to solve the problem of lubrication of sliding parts exposed in space.
From these literatures, it can be observed that so many efforts have been made in using various powders to improve machining characteristics and the EDMed surfaces. However, the use of tantalum carbide (TaC) powder in dielectric fluid for the improvement of the surface properties of stainless steel is yet to be investigated. The stainless steel grade for this investigation is SUS 304. This grade is one of the most versatile and commonly used steel material, and finds application in many food processing appliances; kitchen benches and utensils; chemical environments where corrosion resistance are required, etc.
Its outstanding features on formability and weldability make it highly versatile. The authors have previously investigated the feasibility of producing EDM electrodes from TaC powder, 18, 19 and also the influence of TaC powder concentration in kerosene dielectric fluid on EDM process outputs such as MRR and SR. 20 A maximum MRR of 0.38 g/min at I p of 2.5 A was obtained in the later investigation. The effect of this powder in dielectric fluid on the surface microhardness of a workpiece is yet to be studied. Therefore, the present study aims at using PMEDM with TaC powder in dielectric fluid to investigate the level of improvement in micro-hardness and corrosion properties of the stainless steel after machining. The study was conducted with the EDM process variables of peak current (I p ), pulse on-time (t on ) and pulse off-time (t off ).
Experimental details Equipment and materials preparation
A die sinking machine of C11E FP60E Mitsubishi EX 22 model was used for the experiment (Figure 1 ). The materials used in this investigation are copper electrode, austenitic stainless steel workpiece (SUS 304) and TaC powder and kerosene dielectric fluid. The stainless steel has the following chemical composition: 0.08% C, 2% Mn, 1% Si, 0.03% S, 0.04% P, 8-10.5% Ni, 18-20% Cr and the rest is iron. The physical properties of steel are presented in Table 1 . The workpiece material was prepared to 100 mm Â 50 mm Â 10 mm rectangular dimension. The solid copper electrode used to machine the work is made of 10 mm Â 10 mm Â 50 mm dimension. TaC is a heavy, light brown powder usually processed by sintering and has the density of 13.9 g/cm 3 . The complete properties of the powder are summarized in Table 2 .
Experimental procedures
The experiments were conducted with the die-sinker EDM using 25.00 g/L of TaC powder concentration in kerosene dielectric fluid. This powder-mixed arrangement was made in a separate machining tank as shown in Figure 2 . Machining was conducted with flushing air pressure from two nozzle tips directed towards the gap between the workpiece and the electrode. This ensures fast removal of debris away from the machining zone. The machining parameters varied were I p , t on and t off , while the remaining variables were kept constant. The ranges of the variables were limited to 1.0-10.0 A, 4.7-7.9 ms and 5.0-9.0 ms for the I p , t on and t off , respectively. Each of the experiments was run twice, one with the powder (PMEDM) and the other without powder (EDM).
The EDMed surface was examined with the scanning electron microscope (SEM) machine of JEOL JSM-5600 model (Japan) and the composition of element was analyzed through the energy dispersive x-ray spectroscopy (EDS). The surface microhardness was measured with Micro Vickers Hardness Tester (Mitutoyo MVK-H2, Japan) using 0.3 kgf load and period of 10 s. Each measurement was repeated twice and their averages were used in the analysis. The corrosion test was conducted with distilled water on three samples from each of the EDM and PMEDM specimens that exhibited highest micro-hardness. Specimens used in the test were prepared, weighed and immersed in the distilled water for 30 h. They were then removed and weighed thereafter. The loss in weight during the period measured in mg/min was used to determine corrosion resistance.
Results and discussions
The results of SEM/EDS analysis conducted on the EDMed surfaces are presented in Table 3 . Other results were analyzed and shown in Figures 3 to 7 . The corrosion test results are given in Table 4 . Table 3 shows the comparison of the elements indicated on the machined surfaces with each of EDM and PMEDM. The SEM/EDS spectra images of the workpiece show the various peaks of the elements detected in Figure 3 . Both the third column of Figure 2 . The experimental set-up used for powder-mixed electrical discharge machining (PMEDM). Figure 3a confirmed the presence of Ta and C among the other elements on the surface machined with TaC powder-mixed dielectric fluid. The figure indicated the Ta peak to be located at about 7.0 keV. Although C may also result from the dielectric fluid breakdown of kerosene during discharge, 21 the Ta must have migrated from the powder onto the EDMed surface during machining. On the other hand, the machining conducted without TaC powder did not show any peak (Figure 3b) for Ta. The negative value of 0.27% given for the Ta in column two of Table 3 is an indication of its non-availability on the machined surface. This confirms that TaC is not present in the conventional EDM. Therefore, there is the possibility of formation of TaC layer on the surface during the PMEDM.
Surface composition

Micro-hardness
The micro-hardness of the EDMed surfaces were investigated with three EDM variables -I p , t on and t off . In an initial experiment, different TaC powder concentrations were used in EDM with constant machining variables. Thus, the I p , t on and t off are, respectively, fixed at 5.0 A, 6.3 ms and 7.0 ms for this initial investigation. The results showed that the micro-hardness remains fairly uniform irrespective of concentration for machining conducted with over 25.00 g/L of the powder (Figure 4) . Figure 4 also showed that the highest micro-hardness of about 600 Hv was obtained with this concentration. This is the reason why 25.00 g/L concentration of TaC powder was used in the investigation with the EDM variables.
In Figure 5 , the micro-hardness is generally observed to be decreasing with increasing I p , and the PMEDM exhibited higher values than that of EDM without powder. The highest micro-hardness of over 1200 Hv was attained at the lowest I p of 1.0 A. This is about 1.5 times that obtained without TaC powder in the dielectric fluid. The formation of hard carbide of tantalum on the surface machined with powder-mixed dielectric fluid could have contributed to the increased hardness, since studies have shown that the presence of such ceramic layer on machined surface reinforces its resistance to deformation induced by micro-indentation. [22] [23] [24] It can also be observed from Figure 5 that micro-hardness decreases in both the PMEDM and EDM with increasing I p . This gradual decrease in the hardness of both of them could be due to increasing rate of energy input into the discharge system. 25 The high thermal load in the system increases the melting and evaporation from the workpiece, leaving little room for formation of the hard carbide layer. As such, the micro-hardness approximates to that of EDM without powder.
The micro-hardness of the PMEDM was observed to increase sharply in Figure 6 at higher t on to above 800 Hv. It is likely due to the effects of I p and t off which were kept constant at 2.0 A and 7.0 ms, respectively. With reference to the earlier discussion on I p above, the highest micro-hardness was obtained at about this current. Thus, such low I p gives room for the high micro-hardness attained. Secondly, at the highest value of t on (7.0 ms) the duty factor is approximately 50%. This offers a stable machining condition that gave room for attainment of the higher microhardness. The micro-hardness of the EDM without powder-mixed dielectric fluid remains fairly constant between 450 and 500 Hv and lower than that of PMEDM, except at the lowest t on . This implies that the hardness of the steel workpiece does not vary with pulse-on time in conventional EDM.
The effect of t off on micro-hardness is not as much as can be seen in Figure 7 . However, the micro-hardness of the surfaces machined by PMEDM is generally found to be higher than EDM without powder-mixed dielectric fluid. Whereas the hardness of surface produced by PMEDM ranges between 600 and 800 Hv, that of conventional EDM varies between 480 and 590 Hv over the t off used in the investigation. The same reason for the effect of the TaC addition to the dielectric fluid can be adduced for the differences in their hardness. Thus, the steel workpiece surface was alloyed with TaC powder, thereby influencing the increasing hardness. It can be generally concluded that the PMEDM with TaC powder offers increased micro-hardness with all machining variables with various degree of variations over the conventional EDM.
Corrosion characteristics
The machining conditions which gave the highest micro-hardness were used to prepare the specimens for corrosion investigation. Thus, the test was conducted with specimens machined under I p of 2.0 A, while the t on and t off were kept at 6.3 and 7.0 ms, respectively. Table 4 shows the effect of TaC powder in PMEDM of the steel workpiece. Those machined with TaC powder-mixed dielectric fluid suffered mild lost in weight after 30 h. Their weight loss rate was determined to be 0.056 mg/min. This is because the TaC layer on the surface must have served to increase the corrosion resistance of the EDMed surface. The weight loss rate of those EDMed without powder addition ranges between 10.56 and 47.5 mg/min which are comparatively substantial. Therefore, it can be concluded that application of TaC powder in kerosene dielectric fluid can enhance the corrosion resistance of the steel material rather than compromising it as obtained with conventional EDM.
Conclusion
From the results and discussion, the following conclusions can be reached:
TaC powder can be used in kerosene dielectric to enhance the micro-hardness of the stainless steel. Results indicated that the EDMed surface was alloyed with elements from the TaC powder. The formation of hard layer of TaC influenced the increased microhardness associated with the PMEDM.
The PMEDM with TaC powder offers increased micro-hardness with all machining variables with various degrees of variations over the conventional EDM. The micro-hardness generally has direct relations with all the machining variables. The highest micro-hardness of about 1200 Hv was attained at the lowest I p of 1.0 A. This is approximately 1.5 times that of the conventional EDM conducted without TaC powder in the dielectric fluid.
The weight loss due to corrosion for the PMEDM was found to be 0.056 mg/min. This is substantially lower than the lowest (10.56 mg/min) obtained for the specimens machined without TaC powder in dielectric fluid. Therefore, the use of PMEDM of TaC powder in kerosene dielectric fluid can enhance the corrosion resistance of the stainless steel material.
Finally, further study on simulation of TaC powder movement during EDM is recommended.
